Abstract-In this paper, a cylindrical permanent magnet linear motor (PMLM), which has a high performance, was designed and developed, because the motor has a zero normal force and a higher thrust density. The structure of the motor plays a vital role at the stage of design. During the design stage, several models of the PMLM that had different structural parameters were simulated using FEM software, and the model that produced the high-performance was identified. The structural parameters involved include the radius and height of the permanent magnet, r pm and h pm , the height of coil, h c , and the shaft radius, r s , within a fixed total radius, r total . To prove its high-performance characteristics, the performance of the PMLM was then compared to the commercialized PMLM using four performance indexes which are thrust F , thrust constant k f , motor constant k m and motor constant square density G. About 200 commercialized PMLMs with three different types have been chosen which are the slot type PMLM, slotless type PMLM and shaft motor. Based on the comparisons, the designed PMLM had a better performance than the commercialized PMLM. In order to validate the simulation result, the PMLM was manufactured. The simulation and measurement static thrust characteristics were then compared, and it was found that the simulated thrust had a good agreement with the measured one.
INTRODUCTION
Generally, a linear motor is used to produce a direct linear motion. Compared to the traditional style of the linear motion system which is composed of a rotational motor attached with a motion translation such as belts, gears and ball screws, the linear motor is able to produce a linear motion directly without using any of the motion translations mentioned previously. The linear motor has several advantages such as a higher dynamic performance, a simpler structure, an improved reliability by reducing some parts and a higher efficiency due to the avoidance of the motion translation from rotary to linear motion [1] [2] [3] . However, the cost of the linear motor development is dependent on the stroke. The higher the stroke is, the higher the cost of development is [4, 5] . The linear motor can be divided into two types, which are the permanent magnet type and non-permanent type (i.e., switched reluctance linear motor and linear induction motor). However, due to the two sources of magnetic field that exist in the permanent magnet type of the linear motor, it is able to produce a higher thrust density than its counterpart.
The PMLM can be designed either in a rectangular/flat shape or a cylindrical/tubular shape [6] . However, in this paper, the cylindrical shape of the PMLM was chosen as opposed to the rectangular kind, based on several advantages that the former has. The cylindrical shape of the PMLM does not need end winding as the rectangular shape does. All coils in the cylindrical shape are active participants to the magnetic field and the thrust production [7] . This condition increases the coil efficiency and power to weight ratio. Furthermore, the cylindrical shape of the PMLM is composed of a ring shape of the coil winding. The ring shape coil winding is easy to manufacture and suitable to be industrially produced. The cylindrical shape of the PMLM also has the features of self-neutralization of the normal force [8] and reduces the support mechanism requirement [9] . On top of that, the cylindrical shape of the PMLM has a compact structure and high force density [9] [10] [11] . However, the cylindrical shape of the PMLM limits the maximum stroke. Exceeding the limit stroke may cause vibrations and mechanical damage to the PMLM [8] .
In this paper, the PMLM is designed to have a high-performance characteristic. Generally, the performance of the PMLM is evaluated using thrust. However, the thrust of the PMLM is proportional to current I, input power P and volume v [12] . Therefore, instead of just thrust, the performance of the PMLM will also be evaluated using other performance indexes which are thrust constant k f , motor constant k m , and motor constant square density G. As a benchmark, the performance index of the PMLM has been compared to the commercialized PMLM. Three types of PMLMs have been chosen for the comparisons which are the slot type, the slotless type and the shaft motor.
PERFORMANCE INDEX OF THE PMLM
During design and development of the PMLM, most of the researchers will use thrust as an evaluation factor. However, the thrust F is influenced by other factors such as current I, input power P , and volume v. Figure 1 shows an example of the PMLM structure where a box labeled as a thrust is an area where thrust is developed. As well known, the volume v is the determination factor of the PMLM performance. The higher the volume v is, the higher thrust could be produced. It is due to bigger area of a thrust and size of coil of the PMLM on higher volume v of the PMLM, hence higher current I and input power P could be injected. Therefore, in order to make a valid comparison between PMLMs, despite of only depending on the thrust, another performance index should be used. Several researchers suggest to use a motor constant square density G as one of the performance indexes [13] [14] [15] [16] . In the motor constant square density G, the factors of volume v and input power P will be normalized and make performance comparison between PMLMs with different volumes v and input powers P valid. On top of that, the other performance indexes such as thrust constant k f and motor constant k m could also be used as the performance indexes as being used in [17, 18] . For the thrust constant k f , current I, excited during thrust production will be normalized while for the motor constant k m , input power P injected during thrust production will be normalized. Even though in other references such as in [18, 19] , the thrust density in unit of (N/cm 3 ) was suggested to be implemented during performance evaluation; however, by using motor constant, square density is more comprehensive since it also takes into account of normalizing the input power P . The PMLM's performance was evaluated using four performance indexes. The performance indexes are thrust F , thrust constant k f , motor constant k m , and motor constant square density G. The performance indexes were calculated using a series of equations below,
where, k f is the thrust constant in (N/A), F ave the average thrust in (N), I the current in each coil in (A), k m the motor constant in (N/ √ W), P the input power in (W), G the motor constant square density in (N 2 /(Wm 3 )), and v the motor volume in (m 3 ).
In order to make a valid comparison of the performance index especially for the motor constant square density G, the PMLM volume v was calculated by only considering the area where thrust is developed for each type of PMLM as shown in the example in Figure 1 . Figure 2 shows the comparison of the performance indexes between the commercialized PMLMs. It involves about 200 models from several motor manufacturers with three different types of PMLMs. As shown in Figure 2 thrust also depends on other parameters such as current I and input power P . Therefore, in the same figure, the comparisons of the other performance indexes between the commercialized PMLMs are also presented. Parameters such as current I, input power P , and volume v were normalized in comparison of the thrust constant k f , motor constant k m , and motor constant square density G. The comparison was done within a similar size of the PMLM. In this case, volume v was chosen to represent the size of the PMLM. A comparison using volume v is a more convenient way, especially for observing the limitation of the performance index of the PMLM. Also shown in Figure 2 , the existing commercialized PMLM has a limitation on all performance indexes. Even though the commercialized PMLM had been taken from several linear motor manufacturers, the performance index limitation shows a linear relationship to the volume v. Therefore, the aim of this paper is to design a PMLM that has a performance index higher than its limit. Several structure parameters were varied, and the best model was observed. The performance index of the best model of the PMLM was compared to the performance index of the commercialized PMLM. The results of the comparison will be discussed in the next sections. Figure 3 shows the basic structure and structure parameters of the PMLM. It consists of a coil embedded inside a slotted stator yoke on the stator side and a Halbach magnetization direction arrangement of the permanent magnet on the mover side. During the design of the PMLM, while several structure parameters such as the coil pitch τ c and PM pitch τ pm were fixed, the other structure parameters, such as the radius of the permanent magnet, rpm, height of the permanent magnet h pm , shaft radius r s , and height of coil h c , were varied within a possible range. Models of PMLM were simulated and compared to each other. The model of the PMLM which produced the highest thrust was acquired. During the design stage of the PMLM, a dynamic thrust will be observed. A balanced three-phase power supply was used to energize the PMLM's coil. This is done to represent a near actual operation and performance of the PMLM. Based on the dynamic thrust obtained, the average thrust F ave was calculated and used for the calculation of the PMLM's performance index. The design process consisted of two stages. At the first stage, the shaft radius r s was set to 1 mm while the height of the permanent magnet h pm was varied from 1 mm to the highest possible value by considering the other structure parameters. Due to the fixed total radius r total , an increment of the height of the permanent magnet h pm will reduce the height of the coil h c accordingly. Each model of the PMLM was simulated. The thrust characteristic at a full range of the mover displacement x was observed, and the model of the PMLM that produced the highest thrust was identified. Due to variation of height of coil h c , the coil turns N of each model of PMCLSM will be varied too. It will also affect the resistance R and current I for each coil. The input power P for each model has been fixed to 150 W for each phase. Based on the value of input power, coil turns, coil turns N , coil resistance R and current I were calculated using,
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where W c is the coil width in (m), ξ the space factor equal to 0.6, φ c the copper wire diameter in (m), ρ the copper resistivity equal to 1.67 × 10 −6 Ω · m, l the copper wire length in (m), a the copper wire cross sectional area in (m 2 ), δ the air gap length in (m), and I φ the phase current in (A). Based on the first stage of the design result, the permanent magnet radius r pm was identified by the addition of the height of the permanent magnet h pm with the shaft radius r s . At this stage, the shaft radius r s is equal to 1 mm. During the second stage of design within the fixed radius of the permanent magnet r pm , the shaft radius r s and height of the permanent magnet h pm were varied. The aim of the second stage of design is to strengthen the mover structure with an insignificant thrust reduction. The design flow of the PMLM is shown in Figure 4 . Figure 5 shows the effects of the permanent magnet and shaft radii, r pm and r s , to the average thrust F ave of the PMLM. Based on Figure 5(a) , by increasing the permanent magnet radius r pm , the average thrust F ave will also increase until it reaches the maximum value. This is due to the higher magnetic energy provided by the permanent magnet to produce a higher thrust. However, beyond the maximum point, the increment of the permanent magnet's size did not contribute to producing a higher thrust. Instead, the thrust is reduced despite the larger size of the permanent magnet. This is because a smaller-sized coil produces a lower magnetomotive force by the PMLM. Therefore, based on Figure 5(a) , it is shown that the PMLM with an outer radius of the PM, r pm , of 13 mm and the height of the coil, h c , is 7.5 mm, which was selected as the best model for the first stage of design. For this model, the PMLM produced about 214 N of average thrust F ave at an input power P of 150 W for each phase. At 150 W of input power, P , the current of the PMLM for each phase is equivalent to about 2.2 A. The effects of the shaft radius r s to the average thrust F ave of the PMLM are as shown in Figure 5(b) . By increasing the shaft radius r s , the height of the permanent magnet h pm was reduced. The reduction of the height of the permanent magnet h pm resulted in a reduction of the magnetic flux produced by the permanent magnet, hence the thrust F decreased. Nevertheless, as shown in Figure 5 (b), thrust reduction was not significant for a shaft radius r s below 6 mm, as opposed to when the shaft radius r s was higher than 6 mm. Therefore, the shaft radius r s of 6 mm was considered as optimal.
Based on the results of the second stage of design, the performance index of the PMLM was calculated. The performance index comparison between the designed PMLM with the commercialized PMLM is as shown in Figure 6 . The comparison was done with the volume v of each linear motor model made as a reference. Based on Figure 6 , it is shown that the designed PMLM is capable to produce a higher performance index than a similar volume v of the commercialized PMLM. As mentioned previously, the linear motor performance depends on the input power P . Therefore, by using the motor constant square density G, the input power P of each model of PMLM including the designed PMLM was normalized as shown in Figure 6 (d). Figure 6(d) shows the capability of the designed PMLM to produce a higher thrust F at a similar input power P than a similar volume v of the commercialized PMLM. On top of that, the performance index of the designed PMLM was above the limit line of the performance index of the commercialized PMLM. 
STATIC THRUST CHARACTERISTICS MEASUREMENT OF THE PMLM
Based on the results of the design, the PMLM was manufactured. Figure 7 shows the manufactured PMLM. Since the driving system of the PMLM is still in the designing process, only a static thrust characteristic measurement was able to be conducted for the result validation. Figure 8 shows the experiment setup of the static thrust characteristic measurement. The static thrust characteristics of the PMLM were measured for each individual phase and at a full scale of the mover displacement. Then, the measurement results of the static thrust characteristics were compared to a simulation output for a result validation. The static thrust characteristics of the PMLM at the current, I = 1.5 A, is as shown in Figure 9 . Based on Figure 9 , it is shown that the profile of the measured and simulated thrusts had a good agreement. However, a different maximum value was obtained between the measurement and simulation results. The profile of the thrust characteristics of the U and W phases were similar but inversed compared to each other. This is due to similar location of the coil but the inverse direction of the magnetic flux flow for both phases. This explained the similarity of the profile but an inverse in the direction. On the other hand, the profile of the V phase Assembled of the manufactured PMLM (unit: mm). thrust characteristics was different compared to the U and W phases. This is because the location of the V phase coil is in between the U and W phases.
CONCLUSIONS
The design of cylindrical permanent magnet linear motor (PMLM) has been discussed. The aim of the research is to design a high performance PMLM within fixed total radius r total . The PMLM has undergone two stages of design. Several structure parameters have been varied. As a result, a PMLM that produces about 214 N at phase input power of 150 W has been designed. In order to prove its high performance characteristics, the designed PMLM performance has been compared to commercialized PMLM using four performance index. Based on the comparison, it is found that the PMLM has a capability to perform better than the commercialized PMLM with similar volume. On top of that, the designed PMLM also has performance index beyond the limitation of performance index of the commercialize PMLM. It can be seen especially on motor constant square density G where the designed PMLM produced about 2.03 × 10 6 N 2 /Wm 3 . The PMLM was then manufactured, and the static thrust characteristics has been measured and compared to the simulation output. Based on the comparison, it is shown that the result of the measurement and simulation output had a good agreement.
